Genetic variation was examined in two endangered mussel species, Epioblasma brevidens and Epioblasma capsaeformis, and in a non-listed species, Lampsilis fasciola, in the Clinch River, Tennessee, USA, by screening mitochondrial DNA (mtDNA) sequences and nuclear DNA microsatellites. Patterns of mtDNA polymorphism exhibited different trends in long-term population sizes for each species during the late Pleistocene and Holocene (∼20 000 ya to present); namely, E. brevidens has declined over time, E. capsaeformis has remained demographically stable, and L. fasciola has expanded. However, analyses using microsatellites did not exhibit similar trends, perhaps because homoplasy had eliminated long-term population signatures for the loci examined. For both marker types, long-term effective population size (Ne) was low in E. brevidens, intermediate in E. capsaeformis, and high in L. fasciola. Moderately diverged mtDNA lineages, perhaps indicative of secondary contact, were observed in E. brevidens and E. capsaeformis. Perhaps the most surprising result of this study was the high level of genetic variation observed at both mtDNA and microsatellite DNA markers for L. fasciola, variation seemingly contrary to the relatively small demes that currently reside in the Clinch River. However, the data are consistent with known demographic and life-history traits of these three mussel species and their fish hosts, namely that they each use hosts with different dispersal capabilities, ranging from low, moderate, and high, respectively. The low divergence of mtDNA sequence variation reported in this and other recent mussel studies indicates that considerable extant population genetic variation probably originated during the late Pleistocene and Holocene. ADDITIONAL KEYWORDS: dispersal -effective population size -Epioblasma brevidens -Epioblasma capsaeformis -fish hosts -Lampsilis fasciola -life history.
INTRODUCTION
The freshwater mussels of North America (USA and Canada) are extremely diverse, with native species comprising nearly 300 of the approximately 840 species recognized worldwide (Williams et al., 1993; Graf & Cummings, 2007) . As this fauna is recognized as globally significant, the decline of these bivalve molluscs has been well documented (Neves et al., 1997; Lydeard et al., 2004) . Scientists are only beginning to understand the many unusual features of their reproductive biology and to appreciate the complexity of their conservation needs (Strayer et al., 2004) . Many efforts are ongoing to protect and restore mussels, including research to understand their conservation genetic needs and priorities (Jones, Hallerman & Neves, 2006a) . Recent intraspecific genetic studies of mussels have revealed a range of complexity and diversity of molecular markers, phe-notypes, and life-history traits (Kelley & Rhymer, 2005; Grobler et al., 2006; Jones et al., 2006b; Serb, Buhay & Lydeard, 2003; Elderkin et al., 2007; Zanatta & Wilson, 2011; Inoue et al., 2014a) . The factors responsible for shaping these patterns of genetic diversity are both historical (e.g. vicariance biogeography and palaeoclimate change) and contemporary (e.g. recent gene flow and genetic drift) in nature.
Modern forms of freshwater mussels began to appear in sedimentary strata of the Eocene epoch (58-37 Mya; Watters, 2001) . For example, fossilized shells of the genus Lampsilis have been collected in Eocene shale of the Green River formation of the western USA (Surdam & Wolfbauer, 1975) . Hence, it is likely that many extant mussel lineages have existed for millions of years and thus have been exposed to a broad range of palaeo-climatic conditions. However, it is the Pleistocene ice ages (1.65 Mya to 10 000 ya) that have probably had the greatest effect on the distribution and genetic diversity of extant species, especially those occupying temperate latitudes (Pielou, 1991; Hewitt, 1996) . This epoch was characterized by extreme oscillation of global climate, resulting in the formation, expansion, and contraction of large continental ice sheets. Glaciers advanced and contracted repeatedly over millennia, dramatically affecting continental biota (Lessa, Cook & Patton, 2003) . Ice-age cycles contained cold periods or glacials, which typically lasted ∼100 000 years, and warm periods or interglacials, which typically lasted ∼10 000 years, with as many as nine cycles spanning the Pleistocene (Hewitt, 2000) . During the last glacial cycle -the Wisconsian -the maximum extent of the Laurentide ice sheet of North America peaked ∼20 000 ya, with its southern boundary reaching into the upper Midwestern (40°N) USA, a time when global sea-level was > 120 m below present levels (Cronin et al., 1981; Pielou, 1991) . Species' responses to these climatic oscillations obviously were varied, with some species expanding their ranges during interglacials, whereas those of others contracted (Hewitt, 1996) . For example, during a glacial cycle, the climate is colder and dryer, resulting in lower stream flows, conditions favourable for the dispersal of some fishes, such as various darters (Percidae) and the mussels that utilize these species as hosts (Pielou, 1991; Near, Page & Mayden, 2001; Near & Keck, 2005) .
The upland portions of the Tennessee and Cumberland rivers in the southeastern USA have high levels of endemism and are termed the TennesseeCumberland province (Haag, 2010) ; they serve as major drainage networks for the southern Appalachian Mountains (Fig. 1) . These highland areas contain the most diverse temperate aquatic fauna in the world. The drainage is characterized by clear, high-gradient streams with gravel substrates. Various hypotheses have been proposed to explain this diversity, including vicariance biogeography and dispersal (Mayden, 1985 (Mayden, , 1988 Near & Keck, 2005) . Because the region was not glaciated during the Pleistocene, it probably served as the main refuge and putative center of origin for numerous aquatic species, as many mussel and fish species are endemic to the region (Etnier & Starnes, 1993; Parmalee & Bogan, 1998) . The vicariance hypothesis proposes that the current distributions of related taxa reflect the fragmentation of once-widespread ancestral biotas that pre-date the Pleistocene and that fragmented populations should be quite divergent at molecular markers (Mayden, 1985 (Mayden, , 1988 Bermingham & Avise, 1986) . In contrast, the dispersal hypothesis proposes that certain regions served as the center of origin or refuge for species and that they subsequently dispersed into unoccupied regions during different times throughout the Pleistocene and Holocene (Near & Keck, 2005) . The dispersal hypothesis predicts that populations should be closely related and not divergent at molecular markers. Both models are useful for explaining how populations can become isolated, subsequently diverged from one another, and then occasionally reconnected (= secondary contact).
Dispersal rates and gene flow between mussel populations are highly dependent on the dispersal ability of their fish hosts. The larval stage (glochidium) of most mussel species is an obligate parasite on fish. Glochidia require specific fish hosts in order to transform into juveniles and disperse into new habitats. The mussel species of interest in this study are two Tennessee-Cumberland province endemic and endangered species -the Cumberland combshell (Epioblasma brevidens) (Lea, 1831) and the oyster mussel (Epioblasma capsaeformis) (Lea, 1834) -and a third, non-listed widespread species, the wavy-rayed lampmussel (Lampsilis fasciola) (Rafinesque, 1820) (Fig. 1) . The last species is distributed throughout rivers of the Tennessee, Cumberland, and Ohio River drainages and the Lake Erie basin. Currently, all three species inhabit the Clinch River in northeastern Tennessee and southwestern Virginia, USA, which is the primary study area of this investigation (Fig. 2) . These mussel species exhibit marked differences in life-history characteristics, especially in dispersal of their primary fish hosts. The mussel E. capsaeformis utilizes small darters in the genus Etheostoma as its primary hosts (Yeager & Saylor, 1995; Jones et al., 2006b) . Small darters (50-60 mm total length) of various Etheostoma species have been shown to disperse relatively short distances (100-200 m) per year (Roberts & Angermeier, 2007) . The mussel E. brevidens uses the logperch (Percina caprodes), a relatively large (120 mm), and mobile darter (Schwalb, Poesch & Ackerman, 2011) , as its primary fish host (Yeager & Saylor, 1995) . By comparison, L. fasciola has even greater dispersal capabilities, utilizing highly mobile black basses (Micropterus spp.) as its primary fish hosts. Basses regularly can move more than 1 km in a single day (Lyons & Kanehl, 2002; VanArnum, Buynak & Ross, 2004) . These primary fish hosts have dispersal abilities that can be broadly categorized as low (small darters), medium (logperch), and high (black basses), respectively. In addition to dispersal, these mussel species exhibit differences in population growth rates, fecundity, population size, and longevity (Jones & Neves, 2011) . Although E. capsaeformis can quickly achieve high densities and large local subpopulation (deme) sizes, it is a relatively short-lived species (typically < 10 years) and prone to population declines and local extirpation (Jones & Neves, 2011) . In comparison, E. brevidens and L. fasciola are longer-lived (typically > 15-20 years) and characterized by smaller, but seemingly more stable, populations (Jones & Neves, 2011) .
The purpose of this study was to investigate how genetic variation of these three species has been maintained over time given known differences in their life-history traits, such as fish host-mediated dispersal and longevity. Two hypotheses were tested: (1) mussel species of high-dispersal capability should colonize available habitat quickly and expand their Open squares and open circles denote recently (within the last 10 years) reintroduced populations. Historically, both species occurred throughout each river system, including most of the larger tributaries shown. The non-endangered Lampsilis fasciola is distributed broadly throughout each river system and their respective tributaries. This species also occurs in other streams of the Ohio River basin and in streams entering some of the Great Lakes, such as Lake Erie.
range during an interglacial, and they should display a signature of demographic expansion in their DNA polymorphisms; and (2) low-dispersal mussel species should colonize habitat slowly and not easily expand their range during an interglacial, and they should exhibit patterns of DNA polymorphism indicative of stability or decline. To test these hypotheses, mitochondrial DNA (mtDNA) sequences and nuclear DNA microsatellites were analysed for signatures of long-term population trends (i.e. expansion, stability, or decline) and to estimate long-term effective population size (N e). Additionally, data from this study and others were used to examine the vicariance and dispersal hypotheses for explaining patterns of regional genetic variation among mussel populations. Fig. 2 ). These sites were selected because they represent the furthest upstream, an equidistant midpoint, and downstream locations in the river where adequate sample sizes could be obtained for all three species. A small piece of mantle tissue (20-30 mg) was collected non-lethally from ∼20-30 live mussels from each species/site (Naimo et al., 1998) . Tissues were preserved in 95% ethanol and stored at −20°C before DNA extraction. Total genomic DNA was isolated from ∼20 mg of frozen mantle tissue using the Purgene DNA extraction kit (Gentra Systems, Inc.). DNA concentration was determined by use of a fluorescence assay (Hoefer TKO 1000 Fluorometer).
MATERIAL AND METHODS
Two gene sequences of female-transmitted mtDNA were amplified by the polymerase chain reaction (PCR), using primers and conditions reported in Serb et al. (2003) for the first subunit of NADH dehydrogenase (ND1) and those reported in Merritt et al. (1998) for cytochrome b. Primer sequences for ND1 were: forward, 5′-TGGCAGAAAAGTGCATCA GATTAAAGC-3′; and reverse, 5′-CCTGCTTGGAAG GCAAGTGTACT-3′. The PCR reaction mixture for ND1 consisted of 100 ng of genomic DNA, 1× PCR buffer, 4.0 mM MgCl2, 0.4 mM deoxyribonucleotide triphosphate (dNTP), 1.0 μM each primer, and 1.5 U AmpliTaq Gold DNA polymerase, with double distilled H2O added to give a total volume of 25 μL. The thermal cycling profile consisted of an initial incubation at 95°C for 8 min; 35 cycles of 94°C for 40 s, 50°C for 60 s, and 72°C for 90 s; a final extension at 72°C for 2 min; and a final hold at 4°C. Primer sequences for the cytochrome b gene were: forward, 5′-AAGAAGTA TCATTGCGGTTG-3′; and reverse, 5′-TGTGGGGCGA CTGGTATTACTAA-3′. The PCR amplification conditions for the cytochrome b gene consisted of 25 ng of genomic DNA, 1× PCR buffer, 1.5 mM MgCl 2, 0.2 mM dNTPs, 0.5 μM each primer, and 1.5 U AmpliTaq Gold DNA polymerase in a total volume of 20 μL. The thermal PCR cycling profile was: an initial incubation at 94°C for 2 min; 40 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min; a final extension at 72°C for 6 min; and a final hold at 4°C.
All DNA sequence PCR products were sequenced using a Big Dye Terminator Cycle Sequencing kit with AmpliTaq DNA polymerase (Applied Biosystems). Cycle sequence reactions were purified using a Qiagen DNA Purification Kit (Qiagen) and subjected to electrophoresis and sequencing using an Applied Biosystems (ABI) 3100 automated sequencer.
Microsatellite loci and primers were developed and characterized using DNA of E. capsaeformis (Jones et al., 2004) and Lampsilis abrupta (Eackles & King, 2002) and were screened in all sampled individuals using similar marker sets (Table 1) . PCR amplification protocols followed Eackles & King (2002) and consisted of 100 ng of genomic DNA, 1× PCR buffer, 2 mM MgCl 2, 0.25 mM dNTPs, 0.5 μM each primer, and 1.0 U AmpliTaq DNA polymerase (Perkin-Elmer Applied Biosystems (ABI)) in a total volume of 20 μL. PCR thermal-cycling conditions were: 94°C for 2 min; 35 cycles of 94°C for 40 s, 58°C for 40 s, and 72°C for 1 min; a final extension at 72°C for 1 min; and a hold at 4°C (Eackles & King, 2002) . All amplification reactions were conducted separately for each locus; however, many PCR products were pooled for multiplex fragment analysis. Fragment lengths were resolved on an ABI3100 automated sequencer and the results were stored as GENESCAN files. GENEMAPPER software (ABI) was used to score the results.
ASSESSMENT OF MOLECULAR GENETIC DIVERSITY DNA sequences were edited and aligned using the program SEQUENCHER (version 3.0; Gene Codes Corporation). The mtDNA sequences of the HISTORICAL DEMOGRAPHY OF MUSSELS 5 cytochrome b and ND1 regions were combined for all analyses in a total-evidence approach (Kluge, 1989) , enhancing estimation of genetic diversity parameters and of phylogenetic relationships. Standard measures of intraspecific mtDNA genetic diversity were assessed for each species at localized demes and for the global sampled population (i.e. data from all three demes of each species were combined), including: (1) haplotype diversity (h) (i.e. the probability that two randomly chosen mtDNA sequences were different in a sample); (2) the number of polymorphic or segregating sites (s); (3) the mean number of nucleotide differences among sequences (k); and (4) nucleotide diversity (π) (i.e. the probability that two randomly chosen homologous nucleotides were different in the sample) (see Nei and Kumar 2000 for equations) . Haplotype clades were defined by the presence of a presumably diagnostic nucleotide (s). Parameter estimates and associated variances were calculated using DNAsp 4.0 software (Rozas et al., 2003) . Genetic variation across nine to ten DNA microsatellite loci for each species in the respective demes and for the global population was quantified in terms of observed heterozygosity, average expected heterozygosity, allelic diversity (mean number of alleles per locus), and number of private alleles (i.e. those occurring at only one of the investigated site locations). Population genetic statistics were calculated using FSTAT v. 2.9.3.2 (Goudet, 1995) . Demes of each species were screened for linkage disequilibrium (LD) between all pairs of loci and for deviations from Hardy-Weinberg equilibrium (HWE) at each locus using the program ARLEQUIN, ver. 3.0 (Excoffier, Laval & Schneider, 2005) . Significance of LD pairwise tests was determined using the likelihood-ratio test (Slatkin & Excoffier, 1996) , and significance of HWE was determined using the exact test with a Markov chain (Guo & Thompson, 1992) . The P values for pairwise LD values were Bonferroni-corrected for multiple tests (Rice, 1989) . Microsatellite data sets were tested for genotyping errors caused by null alleles, stuttering, and short-allele dominance using a Monte Carlo simulation of expected allele size differences using MICROCHECKER (Van Oosterhout et al., 2004) .
DNA MUTATION RATES
Estimates of long-term Ne and divergence times require an estimate of the nucleotide mutation rate (μ). The μ value of 1.0 × 10 −7 nucleotide changes per site year −1 was applied to the mtDNA analyses conducted in this study, and was obtained from exponential decay rate curves for mtDNA protein-coding genes of avian and primate taxa (Ho et al., 2005) . For freshwater mussels, mutation rates of cytochrome b and ND1 are higher when compared with those of other genes [e.g. 16S and cytochrome c oxidase subunit 1 (COI)] (Lydeard, Mulvey & Davis, 1996; Roe, Hartfield & Lydeard, 2001; Jones et al., 2006b ), so the above rate was selected from near the upper end of the curves. This rate is an order of magnitude faster than the whole mtDNA genome substitution rate of 2% per Myr (μ = 2.0 × 10 −8 ) first estimated for primates (Brown, George & Wilson, 1979) . However, estimates of short-term (< 1-2 Myr) mutation rates have been shown to be demonstrably higher (10 times or greater) when taken from analyses of pedigrees or intraspecific variation (Parsons et al., 1997; Lambert et al., 2002; Ho et al., 2005) , compared with rates inferred from interspecific phylogenetic studies.
Mutation rates of DNA microsatellites are not as well understood, but are thought to be much higher than those for mtDNA sequences (Goldstein & Schlotterer, 1999) . No direct estimates are available for mutations of these markers in freshwater mussels, so a generally accepted mutation rate of 1 × 10 −4 year −1 was used for the microsatellites analysed in this study, established from the mean rate observed among organisms in other studies (Lai & Sun, 2003) . This mutation rate was used by Kelley & Rhymer (2005) in their study of the yellow lampmussel Lampsilis cariosa, thereby providing a direct comparison between results of this and other mussel studies.
PHYLOGENETIC ANALYSIS AND DIVERGENCE TIMES
The maximum likelihood (ML) tree was constructed using MEGA 5.0 to infer the evolutionary history of mtDNA haplotypes of E. brevidens, E. capsaeformis, and L. fasciola (Hasegawa, Kishino & Yano, 1985; Tamura et al., 2011) . The model of sequence evolution used for the ML analyses was the HasegawaKishino-Yano model (HKY) (Hasegawa et al., 1985) , determined by the program MEGA 5.0 (Tamura et al., 2011) . Bootstrap analysis (1000 replicates) was conducted to assess support for the individual nodes of the phylogenetic tree (Felsenstein, 1985) . Statistical parsimony networks of haplotypes were constructed using a 95% connection limit in TCS software version 1.21 (Clement, Posada & Crandall, 2000) .
Mean divergence times or time to most recent common ancestor (t MRCA) of mtDNA haplotypes of each species, including each clade, were estimated using Bayesian analysis in the program BEAST (Drummond & Rambaut, 2003) . The rate of nucleotide substitution was allowed to vary among tree branches using a relaxed molecular clock model, with variants drawn from an uncorrelated lognormal distribution. Nucleotide substitutions were modelled using a General Time Reversible model and site heterogeneity using the Gamma + Invariant Sites option. Codon positions were partitioned in the model using a (1 + 2) + 3 approach, in which both the substitution model and the among-site rate heterogeneity model were unlinked across codon positions. Coalescent tree priors were used to model population growth of the mtDNA sequence data sets; 'constant size' for both Epioblasma species and 'expansion growth' for L. fasciola. The tree priors were chosen because of known life history (fish hosts), demographic, distributional, archaeological, and genetic diversity differences among the three study species, with available data suggesting a 'constant or declining population size' for both Epioblasma species and 'population expansion' for Lampsilis fasciola (Peacock, Haag & Warren, 2005; Jones & Neves, 2011) . The program was initiated with a burn-in of 100 000 cycles, with parameter values sampled every 1000 steps from 10 000 000 Markov chain Monte Carlo (MCMC) steps. Chain convergence to a stable distribution was determined by visual inspection of posteriorprobability plots in the subprogram Tracer, available in BEAST.
HISTORICAL DEMOGRAPHIC ANALYSES
Using mtDNA sequences and nuclear DNA microsatellites, patterns of historical population expansion, decline, or stability were tested employing several approaches: calculation of the coalescent exponential population growth rate (g) for both marker types (Kuhner, Yamato & Felsenstein, 1998) , evaluation of the F S test of selection (Fu, 1997) and examination of the shape of mismatch distributions for mtDNA (Rogers & Harpending, 1992) .
The population growth parameter g was estimated using the software LAMARC (http://evolution.gs .washington.edu/lamarc/index.html), which uses a ML coalescent-based approach with a MetropolisHastings (MCMC) algorithm to sample simulated genealogies and to estimate long-term demographic parameters over the time to coalescence. For mtDNA, Watterson's θ and a g value of 1 were used to initiate analyses (Watterson, 1975) . The initial search strategy was set at 10 short chains, sampling every 20 genealogies for 20 000 steps, whereas the final search strategy was set at 12 long chains, sampling every 20 genealogies for 400 000 steps. Heating was set at high, utilizing four search settings (1.0, 1.1, 1.2 and 1.3), to ensure a wide search of ML tree space. The program was run several times to ensure consistent estimation of g. Positive values of g signify historical population growth or expansion, whereas negative values indicate population decline. The program provides approximate 95% confidence intervals (CIs) for g values, which were considered positive or negative, respectively, if zero was not contained within the CI.
The F S statistic is a moment-based method that tests for an excess of 'young', or minimally diverged haplotypes compared with expected patterns of mtDNA polymorphism under a model of neutrality (Fu, 1997) . It is intended as a test of selection (e.g. selective sweeps) but can be used to test for demographic processes leading to similar patterns. Large negative F S values indicate selective sweeps or population expansion; values and their significance (α = 0.05) were calculated using 1000 permutations in ARLEQUIN.
Simulation studies have demonstrated that mismatch distributions (observed frequency distributions of pairwise differences between mtDNA sequences) exhibit multimodal or ragged distributions for nonexpanding, demographically stationary populations and exhibit smoother or unimodal distributions for expanding populations (Slatkin & Hudson, 1991; Rogers & Harpending, 1992) . As implemented in ARLEQUIN, a model of population expansion was tested using a non-linear least-squares approach to estimate model parameters θ 0 = 2 μN0 (θ before expansion) and θ1 = 2 μN1 (θ after expansion) (Rogers & Harpending, 1992) . Significance of test results was determined using a goodness-of-fit test of observed versus expected mismatch distribution under a model of expansion.
EFFECTIVE POPULATION SIZE
Long-term Ne were assessed among species using estimates of genetic diversity (θ) calculated from both mtDNA sequences and nuclear DNA microsatellites using the previously described ML-based coalescent approach in LAMARC. Long-term Ne is an estimate of the equilibrium or average Ne over a lengthy period of time (thousands of generations) and is determined by the cumulative forces of mutation and genetic drift over many generations (Hedrick, 2005) . For maternally inherited mtDNA, the female Ne is θ = 2Ne(f)μ and, for nuclear DNA, Ne is θ = 4Neμ (Kimura & Crow, 1964) .
Generation time (Tg) is the average age of parents of all offspring produced and was determined from life table analyses using data in Neves (2011) and Hallerman (2012) ; for E. brevidens (Tg = 8.5 years), for E. capsaeformis (Tg = 6.75 years), and for L. fasciola (Tg = 10.95 years). The above per-year mutation rates were used to estimate a per-generation rate by dividing by Tg. Ne(f) was converted to total Ne by multiplying by two, assuming an equal sex ratio for each species.
HISTORICAL DEMOGRAPHY OF MUSSELS 7 ANALYSIS OF POPULATION GENETIC STRUCTURE Genetic differentiation (FST) for each species was assessed among demes using nuclear DNA microsatellites and was quantified using Weir & Cockerham's (1984) multilocus analogue of the FST test statistic (Wright, 1931) , which assumes an infinite allele model. Theoretical values for FST range from 0 (no differentiation) to 1 (complete differentiation). FST statistics were calculated using the ARLEQUIN software; a non-parametric permutation method (10 000 permutations) was used to test whether the values obtained were significantly different from zero.
RESULTS

GENETIC VARIATION OF MTDNA SEQUENCES
Comparison of mtDNA sequences among the species investigated revealed that intraspecific genetic variation was low in E. brevidens, intermediate in E. capsaeformis, and high in L. fasciola. Analysis of combined DNA sequences for the cytochrome b and ND1 regions identified six haplotypes in E. brevidens, 17 in E. capsaeformis, and 33 in L. fasciola (Fig. 3) . Segregating sites were least abundant in E. brevidens (N = 9), moderately abundant in E. capsaeformis (n = 17), and most numerous in L. fasciola (N = 42) ( Table 2 ; Appendix 1). Nucleotide site variation was highest in the aligned site matrix of each species at cytochrome b (1.4-4.2%), followed by ND1 (0.5-3.3%), corroborating the finding of Jones et al. (2006b) , namely, that cytochrome b is more variable than ND1 within and among species of Epioblasma.
Observed haplotype diversity was moderate to high in E. brevidens (global h = 0.62), but lower at Swan Island, where h = 0.48 (Table 2) . Nearly all haplotypes were shared among demes. Haplotype Ebrev01 was most frequent and comprised > 70% of the sample, but a less frequent lineage (clade 2), comprising two closely related haplotypes was observed, with each characterized by five or six seemingly fixed nucleotides (Fig. 3) . Global nucleotide diversity was low at π = 0.00177, with a mean k of 2.2. Overall, nucleotide variation was moderate and occurred at similar levels among demes, and probably was adequately assessed for the species in the Clinch River.
In comparison, observed haplotype diversity was higher in E. capsaeformis (global h = 0.70), with levels ranging from h = 0.65 (Wallen Bend) to h = 0.81 (Frost Ford). Many haplotypes were shared among demes; however, each deme contained several unique haplotypes. Haplotypes Ecap01 and Ecap05 were most frequent and together comprised > 76% of the sample. The remaining haplotypes occurred infrequently and were characterized by singletons or other uncommon polymorphisms. Three distinct clades were observed among haplotypes, and each was characterized by two to four, presumably fixed, nucleotides. Globally, nucleotide diversity was low at π = 0.00208, with a mean k of 2.6. Observed nucleotide site variation was not evenly partitioned among sampled demes, with Swan Island containing greater variation than demes sampled upstream. Total sample size was large (N = 90) and thus probably captured most of the nucleotide variation occurring at the investigated gene regions for this species in the river. Unequal partitioning of genetic variation among sites underscores the need for adequate among-deme and within-deme sampling to characterize variation fully.
Haplotype diversity was highest in L. fasciola (global h = 0.95), with high levels observed in all three demes. Of the 65 samples analysed, slightly more than 50% of haplotypes were unique, suggesting that a substantial amount of genetic variation in this population remains unsampled. However, we consider that our sampling intensity was adequate to describe overall patterns of genetic variation in L. fasciola in the Clinch River. Many haplotypes were shared among demes; however, each deme contained numerous unique haplotypes. Haplotype Lfasc01 was most frequent, but only comprised 17% of the sample. The remaining haplotypes occurred infrequently and were characterized primarily by singletons and other uncommon polymorphisms. Three distinct clades were observed among haplotypes; however, clades 1 and 2 were closely related and separated by only one nucleotide. Haplotypes belonging to clade 3 were rare to uncommon in the total sample. Global nucleotide diversity was still moderately low at π = 0.00306, with a mean k of 3.6, but was higher than the variation observed in E. brevidens and E. capsaeformis.
GENETIC VARIATION OF DNA MICROSATELLITES
Genetic variation at microsatellite loci exhibited a similar pattern to that observed for mtDNA; namely, in general, genetic diversity was low in E. brevidens, intermediate in E. capsaeformis, and high in L. fasciola (Table 3) . However, the levels of genetic variation for E. capsaeformis and L. fasciola were comparable, with both species exhibiting high expected heterozygosity (H e = 0.85 and 0.84, respectively) and allelic diversity (mean alleles/locus = 15.2 and 17.7, respectively), whereas that of E. brevidens was lowest (He = 0.77 and mean alleles/locus = 10.5) ( Table 3) . HISTORICAL DEMOGRAPHY OF MUSSELS 9
Demes of E. brevidens contained no pairs of loci in LD. Significant deviations (P < 0.001; α = 0.05) from HWE were observed at Ecap01, Ecap07, and Lab206 at Wallen Bend; Ecap01 at Frost Ford; and Ecap01 and Ecap09 at Swan Island. For all three species, HardyWeinberg disequilibria were distributed randomly at a small number of loci and demes. Furthermore, no evidence was found for genotyping errors or largeallele drop-out, although increased homozygosity at some loci suggested the possible presence of null alleles, or inbreeding as a result of small population size and/or hermaphroditic reproduction (van der Schalie, 1970) . Global-observed heterozygosity (H o = 0.68) and expected heterozygosity (He = 0.68) were moderate, with average allelic diversity at 10.5/ locus, and similar levels observed among demes (Table 3) . Each deme contained a small number of alleles not detected at the other sampled demes, with two to seven private alleles observed per site.
Demes of E. capsaeformis contained no pairs of loci in LD. Significant deviations (P < 0.01; α = 0.05) from HWE, exhibiting either heterozygote excess or deficiency, were observed at Ecap06 and Ecap09 at Wallen Bend, Ecap01 and Ecap02 at Frost Ford, and Ecap01 at Swan Island. Global-observed heterozygosity (H o = 0.81) and expected heterozygosity (He = 0.85) were high, with average allelic diversity at 15.2/locus. Similar levels of gene diversity were observed among demes; however, each contained 5-13 private alleles.
Following the Bonferroni correction, demes of L. fasciola contained one loci pair (Ecap02, Lab206) at Frost Ford that exhibited significant LD. Significant deviations (P < 0.01; α = 0.05) from HWE, exhibiting either heterozygote excess or deficiency, were observed at Ecap04, Ecap06, Ecap07, and Lab211 at Wallen Bend, Ecap02, Ecap04, Ecap06 and Ecap07 at Frost Ford, and Ecap02, Ecap06, Ecap07 at Swan Island. Global observed heterozygosity (H o = 0.71) and expected heterozygosity (He = 0.84) were high, with average allelic diversity at 17.7/locus. Similar levels of gene diversity were observed among demes, with each site containing 12-15 private alleles.
PHYLOGENETIC ANALYSES AND DIVERSIFICATION TIMES
The main result of the phylogenetic analyses was that each mussel species exhibited branching patterns indicative of distinct long-term population trajectories (Figs 3, 4) . The numerous haplotypes (N = 33) observed for L. fasciola were characterized by short branch lengths, minimal divergence at one to four nucleotides, and weak bootstrap support for presumed clades. In phylogenetic appraisals, numerous closely related haplotypes, a shallow phylogenetic tree structure, a 'star-like' parsimony network, and unimodal 'wave-like' mismatch distribution are indicators of population expansion (Slatkin & Hudson, 1991; Rogers & Harpending, 1992) . A much smaller number of haplotypes (N = 6) was resolved for E. brevidens but these were characterized by longer branch lengths and stronger bootstrap support for the clades. A reduced number of haplotypes coupled with divergent lineages is an indicator of long-term population decline, secondary contact, and perhaps past demographic bottlenecks. An intermediate number of haplotypes (N = 17) was resolved for E. capsaeformis, which were characterized by a branching pattern similar to that for E. brevidens. However, clades and associated haplotypes displayed a more complex tree topology, exhibiting weak to moderate divergence at two to six fixed nucleotides, perhaps indicative of long-term population stability. For all three species, divergence times (t MRCA) originated to the late Pleistocene and Holocene for clades comprised of closely related haplotypes, and to the late Pleistocene for more distantly related haplotypes (Fig. 3) . The estimates of tMRCA and 95% highest posterior density (HPD) interval for E. brevidens were 30 930 (3142 to 92 380) ya, for E. capsaeformis were 50 060 (14 170 to 102 000) ya, and for L. fasciola were 74 440 (22 200 to 171 400) ya. Estimates of tMRCA (with 95% HPD interval) for clades of each species were: E. brevidens, clade 1 = 10 500 Statistical parsimony analysis of mtDNA haplotypes produced networks ranging from simple (E. brevidens) to more complex (L. fasciola) (Fig. 4) . The number of inferred mutational steps connecting haplotypes to the ancestral haplotype ranged from one to six in E. brevidens and from one to ten in E. capsaeformis. In contrast, L. fasciola contained numerous, closely related haplotypes just one or two steps from the ancestral haplotype. A few haplotypes, such as those belonging to clade 3, were characterized by longer pathways of seven to eight steps. The pathway and high number of steps to Lfasc24 may be A.
B.
Ebrev02
Ebrev01 Geometric shapes represent haplotypes, and size is proportional to its observed frequency in the study. Networks were constructed using combined sequences from the mitochondrial cytochrome b and ND1 regions. Inferred ancestral haplotypes are displayed in square boxes; dash marks along branches equal the number of steps from the ancestral haplotype, and broken lines are alternative pathways.
erroneous and caused by homoplasy; hence, alternative pathways are shown (Fig. 4) .
HISTORICAL DEMOGRAPHIC TRENDS
Historical demographic analyses corroborated the results of the phylogeny; namely, that the pattern of mtDNA genetic variation for L. fasciola was consistent with population 'expansion', that of E. capsaeformis with population 'stability', and that of E. brevidens with population 'decline'. First for L. fasciola, the population growth parameter (g = 1987) was comparatively high, the 95% CI did not contain zero (Table 4) , and Fu's F S test statistic was negative (−26.17) and highly significant (P < 0.001). Second, the mismatch distribution for this species was wave-like and unimodal, and the exponential expansion model indicated a rapid increase in population size from θ0 = 1.44 to θfinal = 105.12 (Fig. 5) .
In contrast, the growth parameter derived from microsatellite loci was slightly negative (g = -0.03), and the 95% CI did not contain zero (Table 4) . The results for E. capsaeformis were more ambiguous. The population growth parameter (g = 575) was positive and hence indicated growth, but the 95% CI contained zero; thus, the long-term population trajectory is less certain. Similarly, Fu's F S test statistic was negative (−4.82) and not significantly different from zero (P > 0.10). The mismatch distribution for this species was ragged and multimodal, and the exponential expansion model indicated only a slight increase in population size from θ0 = 2.51 to θfinal = 2.76, suggesting demographic stability in E. capsaeformis. The growth parameter derived from microsatellite loci was slightly negative (g = −0.53), and the 95% CI did not contain zero (Table 4) .
The population growth parameter (g = −540) for E. brevidens was negative and indicated decline; however, data should be interpreted cautiously because the 95% CI contained zero. Fu's F S test statistic was positive (2.32; P > 0.10) and hence did not indicate population expansion. The mismatch distribution for this species was bimodal, and the exponential expansion model indicated only a slight increase in population size from θ0 = 0 to θfinal = 1.75, again suggesting a pattern of demographic decline and perhaps secondary contact in E. brevidens. The growth parameter derived from microsatellite loci was slightly negative (g = -0.07), and the 95% CI did not contain zero (Table 4) .
LONG-TERM EFFECTIVE POPULATION SIZES
Long-term Ne values derived from mtDNA demonstrated that Ne was highest in L. fasciola, intermediate in E. capsaeformis, and lowest in E. brevidens (Table 5 ). For L. fasciola, ∼50% of sampled mtDNA haplotypes were unique, suggesting that a high level of genetic variation remains unsampled. Estimates of global Ne derived from DNA microsatellites showed a similar pattern to those derived from mtDNA sequences, with one exception; Ne derived from microsatellites for L. fasciola was much lower than Ne derived from mtDNA (Table 5) . Derived Ne values assumed that migration and gene flow have occurred among demes over multigenerational timescales, hence justifying combining data from all three sites.
POPULATION GENETIC STRUCTURE AMONG DEMES
Global FST was 0.01 among sampled demes of E. capsaeformis and showed small, but significant, genetic structuring between Wallen Bend and Frost Ford (FST = 0.01; P = 0.0039) and Wallen Bend and Swan Island (FST = 0.015; P < 0.0001). Although differentiation among demes was minimal for this species, it was significant (P < 0.001) and caused primarily by variation at three loci: Ecap01, Ecap04, and Lab213. In contrast, global FST values among sampled demes of E. brevidens and L. fasciola were 0.005 and 0.003, respectively, and did not exhibit significant genetic structuring among demes; none of the pairwise FST comparisons was significant. Whilst these results should be viewed in the context of the spatial scale of this study, as only about 15-30 RKM separated the demes, differentiation among demes was minimal for all three species. Thus, combining microsatellite and mtDNA data from all three sites in the above analyses to estimate g, θ, and N e was justified. Table 4 . Estimates of historical population growth (g) derived from simulations using the ML coalescent-based approach of Kuhner et al. (1998) The historical demographic analyses conducted in this study inferred long-term population decline, stability, and expansion for E. brevidens, E. capsaeformis, and L. fasciola, respectively, in the Clinch River. Peacock et al. (2005) used data from prehistoric Native American shell middens to show that species of Epioblasma have declined in North America over the past 5000 years, presumably as a result of increases in human impacts, possibly from human population expansion following the advent of maize agriculture or long-term ecological or climatic changes unrelated to human activities. These patterns lead one to hypothesize on the mechanisms influencing the distribution and abundance of mussel species within and outside the TennesseeCumberland province. The region is considered the center of origin or glacial refuge for many species, especially those belonging to the genus Epioblasma (Johnson, 1978) . Thus, the question can be recast as a dichotomy -are such demographic controls inherently intrinsic (dispersal or other aspects of species biology) or extrinsic (vicariance) in nature? Furthermore, could fish host usage be predictive of the pattern of genetic polymorphism? Ichthyologists have considered both dispersal and vicariance to be important factors explaining the distribution of interior highland fishes in North America (Mayden, 1988 ). Because mussels rely on fish to host their glochidia, these hypotheses logically apply to mussels as well. However, which factor plays the greater role in controlling distribution probably depends upon the particular mussel species and fish host utilized. Recent studies on intraspecific genetic variation in mussels suggest that species utilizing fish hosts that are abundant and have high dispersal ability display correspondingly high levels of genetic variation and little population structure over large distances in streams. For example, both Berg et al. (1998) and Elderkin et al. (2007) found minimal genetic structure for Quadrula quadrula and Amblema plicata, respectively, over large geographical distances (> 1000 km). These two mussel species are widely distributed throughout the Mississippi River basin and utilize highly mobile host fishes, such as catfishes and basses. Furthermore, these mussel species exhibit genetic variation indicative of a population expansion. The parsimony network of mtDNA haplotypes of A. plicata, presented by Elderkin et al. (2007) , shows numerous (N = 36) closely related haplotypes in a 'star-like' configuration, suggesting demographic expansion of the species. In contrast, other recent studies have reported significant population genetic structure for species utilizing hosts with low dispersal, darters, sculpins, and minnows. For example, analysis of DNA microsatellites by found significant genetic structure for demes of Epioblasma torulosa rangiana in the Allegheny River separated by only 15 km; this congener uses small-bodied darters (Etheostoma spp.) as hosts. Grobler et al. (2006) reported significant genetic structure among populations of Pleuronaia dolabelloides, a species that uses small-bodied minnows (Cyprinella and Luxilus spp.) as hosts, in the Duck River in central Tennessee and those in headwaters of the Tennessee River system in Virginia (i.e. the Clinch and Holston rivers). These studies and ours indicate that whilst some mussel species have experienced population expansion, others have not. Thus, dispersal probably is the main factor controlling the distribution of mussel species with high dispersal ability. The widespread and ubiquitous distribution of such mussel species throughout the Mississippi River basin strongly supports dispersal as the driving mechanism. Historically, the basin was an open, interconnected network of rivers with few barriers to dispersal for many aquatic species.
Species
The distribution of Epioblasma species provides another excellent example of how dispersal has played a role in shaping the distribution of mussel species. These species are considered the most endangered group of mussels in North America, with more than half of the 28 recognized species (N = 22) and subspecies (N = 6) now considered extinct (Turgeon et al., 1998; Williams, Bogan & Garner, 2008; Jones & Neves, 2010) . Dispersal during the early Holocene (∼10 000 ya to present) provides the best explanation for how Epioblasma obliquata, Epioblasma torulosa and Epioblasma triquetra expanded northward and occupied the recently glaciated Great Lake basins (Graf, 1997 (Graf, , 2002 . As the glaciers retreated in North America, the melt-water created outlets draining directly into the interior basin. These historical drainage outlets, such as the Wabash-Maumee route, which connected Lake Erie to the lower Ohio River, Table 5 . Estimates of genetic diversity (θ) with 95% CIs obtained from simulations using the ML coalescent-based approach of Kuhner et al. (1998) See methods for mutation rates and generation times used to estimate Ne.
allowed mussels and their fish hosts to colonize the Great Lakes (Ortmann, 1924) . reported reduced mtDNA polymorphism for E. torulosa rangiana inhabiting the Sydenham River (Lake Erie basin) compared with populations in the southern portion of its range (such as the Allegheny River, western Pennsylvania). Additionally, Burdick & White (2007) , Elderkin et al. (2007) , and Zanatta, Fraley & Murphy (2007) reported less genetic variation for populations of Fusconaia flava, A. plicata, and L. fasciola, respectively, inhabiting northern portions of their ranges, collectively demonstrating a general pattern of reduced genetic variation following postPleistocene colonization of glaciated regions. A gradient of low to high genetic variation for northern versus southern populations of North American fishes has already been established (Bernatchez & Wilson, 1998) . How E. triquetra invaded the western Mississippi River basin also is intriguing. Are these populations evidence of a once-widespread ancestral fauna fragmented over time by vicariant events or another example of dispersal from the Tennessee-Cumberland province? Support for vicariance would be strengthened if divergent genomes existed in these western populations. However, Zanatta & Murphy (2008) showed that while the population of E. triquetra occupying the St. Francis River, Missouri, south of the Ozark Crest, does contain unique mtDNA haplotypes, divergence is low (< 0.5%) when compared with other populations. Furthermore, a population north of the Ozark Crest in the Bourbeuse River, Missouri, lacks such genetic uniqueness (Zanatta & Murphy, 2008) .
Available genetic data lend support to the dispersal hypothesis to explain distributional and genetic patterns of Epioblasma spp. and other species, such as Cumberlandia monodonta and Venustachonca ellipsiformis in the Mississippi River basin (Zanatta & Harris, 2013; Inoue et al., 2014b) . The shallow levels of genetic divergence observed among many mussel populations suggest that most nucleotide polymorphisms are of late Pleistocene and Holocene origin. Molecular clock calibrations based on earlier time periods, such as mid-to-early Pleistocene or earlier epochs, seem unlikely because calculated mutation rates would be very slow (< 1 × 10 −8 ). These would give extremely high Ne values, which is incongruent with other evidence, such as Ne derived from multiple nuclear microsatellite markers, current census population sizes of extant species (Jones & Neves, 2011) , and mussel life-history strategies (Type III survivorship). The mtDNA mutation rates calibrated from pedigree and intraspecific variation studies of unrelated taxa, including birds, primates, and insects, are high and of similar magnitudes, of 5-20% per million years or higher (Ho et al., 2005; Papadopoulou, Anastasiou & Vogler, 2010) . High reported mutation rates from these disparate taxa support the hypothesis that many of the numerous singleton and infrequent polymorphisms documented in recent intraspecific mussel studies arose during the late Pleistocene and Holocene. These mutations are too new to have arisen during vicariant events that pre-date these epochs.
RESPONSES OF HIGH-DISPERSAL VERSUS LOW-DISPERSAL MUSSEL SPECIES TO GLACIAL CYCLES
Stream networks provide environments conducive to repeated expansion and contraction of populations following ice age cycles. Presumably during glacial cycles, the range of some aquatic species contracted into separate refugia, thereby promoting genome divergence, and then expanded and mixed again during interglacial periods. Such dynamics have acted to promote genetic differentiation and polymorphism found within terrestrial species (Hewitt, 1996) . How aquatic species have responded to glacial cycles is less clear, but some authors have proposed that dispersal of freshwater fishes is enhanced during glacial periods because water-level reductions create more continuous shallow high-gradient stream conditions between disjunct geographical regions (Bermingham & Avise, 1986; Mayden, 1988; Near & Keck, 2005) . Big-river environments, such as the present-day Mississippi River, are probably major barriers to dispersal of fishes preferring shallow highland stream habitats, including many species of darters and minnows, although these conditions probably promote dispersal of larger, more mobile fishes, such as basses and catfishes. Hence, interglacial periods may isolate many mussel species relying on low-dispersal hosts. In any case, multimodal mismatch distributions of DNA sequences provide evidence for secondary contact. However, simulations conducted by Slatkin & Hudson (1991) showed that for populations maintaining constant population size, bimodal sequence distributions are common. The multimodal ragged mismatch distributions observed in E. brevidens and E. capsaeformis alternatively can be explained by stable population size over time. Such a population will fluctuate in size over time, but its mean abundance neither increases nor decreases in the long run, and as it does, genetic variation will be lost or reduced in frequency through genetic drift. During periods of population growth, haplotypes will increase in frequency because of differential reproductive success of individuals. Such dynamics presumably lead to the uneven mismatch distributions seen in many natural populations. Discernment between the effects of stable population size and secondary contact may be difficult, but genomes exhibiting moderate divergence of 1-2% or greater may be indicative of secondary contact (Turgeon & Bernatchez, 2001) . Thus, the results of this study and others suggest that long-term demographic trends for mussel populations are variable but can be broadly characterized by patterns of 'expansion', 'stability' or 'decline' and 'secondary contact' based on data from their distribution, abundance, and DNA polymorphism.
LONG-TERM EFFECTIVE POPULATION SIZE AND MAINTENANCE OF GENETIC DIVERSITY
Perhaps the most unexpected result of this study was the high level of genetic variation observed at both mtDNA and microsatellite DNA markers for L. fasciola, variation that seemingly was contrary to the relatively small demes which currently reside in gravel shoals of the Clinch River. The pattern of mtDNA nucleotide polymorphism observed in L. fasciola signifies that high levels of genetic variation were maintained over long time-periods; perhaps thousands of generations. Long-term N e of this species was incongruent with a recent (2004) (2005) (2006) (2007) (2008) estimate of census size (Nc) of ∼30 000 individuals inhabiting the investigated reach, RKM 277.1-309.5 (Jones & Neves, 2011) . However, local abundance of this species is similar throughout the 320-RKM section of the free-flowing upper river, indicating that total population size is ∼300 000 individuals (Ahlstedt, 1991) . This high level of genetic diversity and large long-term N e are consistent when viewed in a historical context; namely, that over millennia this species has expanded its range, grown in population size, and maintained connectivity among demes over a wide geographical area as a result of the high dispersal ability of its fish hosts. Individuals of L. fasciola in the river can live to > 40 years of age and the population contains numerous overlapping generations, in which abundance has remained stable and has not fluctuated greatly over the last 30 years (Ahlstedt, 1991; Jones & Neves, 2011) . Thus, when acting together, long lifespan, reduced variance in reproductive success, and high migration among demes probably have facilitated maintenance of genetic diversity and high N e for L. fasciola. Before impoundment of tributary rivers in the upper Tennessee River system during the early 20 th century, the population of this species comprised not only individuals residing in the Clinch River, but also individuals occurring in adjacent rivers such as the Powell, Holston, and French Broad. This scenario of a large contiguous population of L. fasciola in the upper Tennessee River system is supported by studies of other species with high genetic variation and little genetic structure over large geographical distances and which parasitize mobile fish hosts (Berg et al., 1998; Elderkin et al., 2007) . Similarly, recorded low divergence among populations of L. fasciola inhabiting rivers draining the Great Lakes of southern Ontario.
In contrast, populations of E. brevidens and E. capsaeformis have maintained less genetic variation and lower N e over time, perhaps because of less connectivity among demes, fluctuating population sizes, shorter lifespan and other aspects of their life histories. From the same river reach in Tennessee, demographic estimates of Nc for both species are ∼30 000 and > 500 000 individuals, respectively (Jones & Neves, 2011) . Abundance of these two species is either greatly reduced or zero in other sections of the upper river in Virginia. Low Ne relative to census size is probably the result of high variance in reproductive success, at least in part because of hermaphroditic reproduction (van der Schalie, 1970) , low fertilization success between males and females, low infestation success of glochidia on host fish, and variable recruitment caused by stochastic environmental processes.
In this study, N e estimated from mtDNA was higher than Ne estimated from nuclear DNA microsatellites for L. fasciola, and the population growth (g) estimates derived from microsatellites were slightly negative for all three species, indicating no clear patterns in historical population trends. Possible explanations for these discrepancies include the following: (1) the level of homoplasy of microsatellite loci was high and thus reduced estimates of genetic diversity (θ) (Estoup, Jarne & Cornuet, 2002 and Li et al., 2002 provide reviews on microsatellite homoplasy and mutation); (2) female and total effective population sizes are not comparable; (3) mtDNA is under selection (Ballard & Whitlock, 2004) ; and (4) mtDNA and microsatellites are measuring population processes occurring over different spatial and temporal scales.
Mussel species exhibiting a pattern of DNA polymorphism consistent with population 'expansion' will probably utilize high-dispersal fish hosts and have larger long-term N e, whereas those exhibiting a pattern of 'stability' or 'decline' will utilize lowdispersal fish hosts and have smaller long-term Ne. Furthermore, species exhibiting larger long-term Ne and utilizing high-dispersal fish hosts are likely to be characterized by panmictic population structure over large geographical distances, whereas those exhibiting smaller long-term Ne and utilizing low-dispersal fish hosts are characterized by a meta-population structure over small geographical distances.
SUMMARY AND CONCLUSIONS
Patterns of distribution, abundance, and genetic variation of North American freshwater mussel populations are the result of both historical and ecological processes operating over millennial to contemporary timescales. The current distributions of some species are restricted to specific geographical areas such as the Tennessee-Cumberland province. While the reasons for this confinement are thought to be mainly ecological in nature, historical events and conditions may not have allowed some species to escape refugia, especially those of more recent origin and with limited dispersal capability. It is clear that many animal and plant species have greatly expanded their range to colonize habitats previously rendered inaccessible or inhospitable during glacial cycles (Pielou, 1991; Hewitt, 1996; Graf, 1997 Graf, , 2002 . Although both dispersal and vicariance hypotheses are needed to explain these patterns in mussels, fish host-mediated dispersal is probably the primary mechanism. Recent studies representing a range of species have shown that mussel populations exhibit low to moderate levels of intraspecific divergence and high levels of shared genetic variation over broad geographical areas within the Mississippi River valley (Grobler et al., 2006; Elderkin et al., 2007; Elderkin et al., 2007; Zanatta & Murphy, 2008; Zanatta & Wilson, 2011; Inoue et al., 2014b) ; based on the results of this study and others, it is likely that much of this variation originated during the late Pleistocene and Holocene, findings that are incompatible with the predictions of the prePleistocene vicariance hypothesis. Available evidence for population expansion and secondary contact suggests that mixing of divergent populations has occurred naturally for terrestrial species in North America and Europe (Hewitt, 1996) , with similar evidence of post-glacial expansion and secondary contact beginning to emerge for mussels in the Mississippi River system (Elderkin et al., 2007; Elderkin et al., 2008; Zanatta & Wilson, 2011; Inoue et al., 2014b) .
Biologists are accustomed to recording population change over years or decades and therefore our understanding of population demographic changes over centuries or millennia is limited. Hence, the distribution and abundance of many mussel species appears to have changed minimally based on current collection records and those of 18 th -and 19 th -century naturalists. However, this view is probably mistaken for most species when considered even over short geological time frames, such as the late Pleistocene or Holocene. The construction of dams and other barriers has constrained the current distributions of many species, preventing typical population responses to shifts in water quality and habitat related to climate change or other disturbances. Extinction of additional species characterized by low abundance and dispersal is nearly certain, unless their ranges and population sizes are expanded by natural resource managers. A major conclusion of population genetics and conservation biology over the last few decades is that maintenance of population genetic variation and population viability is enhanced by increased migration and N e among demes or subpopulations (Beissinger & McCullough, 2002) . For many mussel species, such dynamics no longer can occur naturally and hence will require active management by biologists to reintroduce individuals to establish new populations and augment depauperate ones. 
